We report the measurement of the flux of cosmic rays with unprecedented precision and statistics using data collected at the Pierre Auger Observatory until 31 December 2012. The fluorescence observation of the air-showers provides intrinsically a calorimetric energy measurement. Based on the hybrid nature of the experiment, the energy scale for the surface detector is obtained with minimal use of Monte Carlo simulations. The energy spectrum deduced with the more denser array of 750 m, which provides the extension of the energy range from 1.5 × 10 18 eV down to 3 × 10 17 eV will be emphasised. The spectral features are presented in detail and the systematic uncertainties are addressed.
Introduction
To develop a complete theory on the origin of cosmic rays the energy spectrum from above 10 14 eV up to the highest energies should be explained. At around 10 15 eV a steepening of the energy spectrum, the knee, has been long established [1] . The KASCADE(-Grande) results have shown that this feature is caused by a steepening of the energy spectra of light elements [2] , and recently the presence of a second change in the energy spectrum of light elements, at about 10 17 eV [3] has been observed. In the energy region between 10 17 eV and 3 × 10 18 eV (where a flattening of the energy spectrum starts, the ankle) the transition between the galactic to extra-galactic origin of cosmic rays is expected. At the highest energies, above 5 × 10 19 eV the flux is highly suppressed, due to propagation of the cosmic rays through the medium and/or caused by the maximum acceleration energy at their origin.
The measurement of the energy spectrum performed at the Pierre Auger Observatory extends from 3 × 10 17 eV up to the highest energies. The recent usage of the data recorded with a denser sub-array has allowed the extension of the energy spectrum at lower energies in the region where the current smaller experiments, like KASCADE-Grande, run out of statistics. Also taking the advantage of the hybrid measurement performed at the Pierre Auger Observatory, the input from Monte-Carlo simulations is minimal. The energy spectrum will be complemented by the extension of the measurement of the maximum of the air-shower development to lower energies with the enhancement of the fluorescence telescopes, the High Elevation Auger Telescope (HEAT). We describe the measurement of the flux of the cosmic rays above 3 × 10 17 eV, with an emphasis on the energy determination. The measurement of the energy using data recorded by the fluorescence detector has greatly improved in the last year, the systematic uncertainty decreased from 22% to 14%.
Reconstruction of the energy of cosmic rays
The Pierre Auger Observatory is designed as an hybrid detector: a surface detector (SD) with more than 1660 water-Cherenkov stations placed on a triangular grid covering 3000 km 2 and a fluorescence detector (FD) made of 27 optical telescopes grouped in five buildings, observing the atmosphere above the array. The detailed description of the Observatory can be found in [4, 5, 6 ]. The surface detector array is composed of water Cherenkov detectors with a separation of 1500 m. A sub-sample of the array includes 71 detectors placed at a distance of 750 m to each other. The measurement of the signal produced by the particles that reach the ground cannot provide a direct measurement of the energy of the primary cosmic rays. Therefore the energy is calculated by crosscalibrating an energy estimator with the fluorescence detector determination, by employing airshowers that were measured in coincidence with the two detectors ( called golden hybrid events).
The charged particles from the air-showers excite the nitrogen molecules which then through the de-excitation produce fluorescence light. The emission is isotropic and the photons after propagating through the atmosphere are observed with the telescopes. The energy of the primary cosmic ray is then calculated by integrating the energy deposit in the atmosphere. The systematic uncertainty of the energy contains contributions starting from the physical process of producing the photons, the atmosphere propagation, the calibration and the light collection at the telescopes to the
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Energy spectrum of ultra high energy cosmic rays Ioana C. Mariş reconstruction algorithms. There has been a big progress in the last year regarding the systematic uncertainty, reducing it from 22% to only 14%. The largest contribution, from the fluorescence yield absolute normalization reduced from 14% [7] to 4% by using the high precision measurements from [8] . A better understanding of the light correction at the telescopes and the development of a maximum likelihood fit taking into account the fluctuations of the signal in each PMT has improved the uncertainty coming from the reconstruction from 10% to less than 6.5%. A list of the systematic uncertainties on the energy is given in Table 2 . These changes have induced also an energy-dependent shift of 15% at 1 EeV and 10% at 10 EeV. The energy resolution is between 7% and 8% with the main contributions from the aerosol optical depth and the statistical uncertainty from the longitudinal profile fit. The hybrid data, i.e. the events measured by the fluorescence detector for which the information from one surface detector is used to constrain the geometry reconstruction, are used to determine the energy spectrum above 1 EeV.
The surface detectors have access just to the particles that reach the ground. From the time of arrival of the particles the air-shower direction is reconstructed. Depending on the amount of matter traversed in the atmosphere the electromagnetic component of the air-showers is attenuated, for very inclined air-showers being negligible with respect to the muonic component. Therefore the data set from the surface detector is divided on two sets: air-showers with zenith angles smaller than 60 degrees and inclined events with the arrival direction between 62 and 80 degrees. For the vertical events we derive the energy estimator as the value of the lateral distribution function at a fixed distance from the axis. In order to minimize the assumptions of the lateral distributions an optimal distance can be defined depending on the spacing between detectors. In case of the 750 m array the energy estimator is obtained at 450 m, S(450), while for the 1500 m array it is S(1000), at 1000 m. The dependency on the zenith angle of these estimators, caused by the attenuation in the atmosphere is corrected using the hypothesis of a constant flux of cosmic rays as a function of the local coordinates, leading to two new variables S 35 and S 38 respectively. The reconstruction of the inclined events is based on a detailed modeling of the two dimensional muon density on the ground. The energy estimator, N19, is obtained by taking as a reference the normalization of the footprint of proton initiated air-showers with an energy of 10 19 eV and it is independent of the zenith angle.
To convert S 35 , S 38 and N19 to energy we use golden hybrid events: a sub-sample of the hybrid events which are independently triggered and reconstructed with the SD. We are selecting high quality longitudinal profiles, observed during a time period with clear atmosphere , with a cloud coverage of less than 25%. Deeply penetrating air-showers would produce a larger signal on 10 18 10 19 10 20 the ground than shallow ones. Thus, in order to reduce a possible mass composition bias we apply strict cuts on the fiducial field of view which assure an equal hybrid trigger probability for different primaries. The correlation functions, E SD750; SD1500; SDinclined = A · (S 35 ; S 38 ; N19) B are obtained by maximizing the likelihoods and are in all the three cases almost linear (see Table 2 and Fig. 1 (left) ). In the case of the 750 m array the usage of HEAT data has increased the statistics by a factor 3 and thus reducing the energy systematic uncertainty due to the energy calibration. For the case of the 1000 m array due to the high number of events, this systematic uncertainty is below 2%. The energy resolution for the surface detectors is dependent on energy, evolving from 16% at 3 EeV to 12% at the highest energies. Knowing that the FD energy resolution is 7-8% the SD energy resolution can be obtained from data only. In order to account for bin to bin migrations in the energy spectrum due to the trigger effects and this finite resolution a forward folding procedure is used. To generate
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the energy migration matrices we use Monte Carlo simulations generated with CORSIKA (QGSJet II.03 and Fluka) and Geant4 detector simulations assuming a mixed composition (50% proton and 50% iron). The very good agreement between data and Monte Carlo is illustrated in Fig. 1 (right) for energies larger than 3 EeV.
Energy spectrum
The energy spectrum measurements obtained with data up to end of 2012 are illustrated in Fig. 2(left) . The vertical SD measurement dominates in terms of statistics, with an integrated exposure of 31645 ± 950 km 2 sr yr. Due to the smaller solid angle the measurement using the inclined SD events has an integrated expose four times smaller. The integrated exposures and the energy threshold for full trigger efficiency for the SD measurements are given in Table 2 . The hybrid measurement of the energy spectrum starts at an energy of 1 EeV overlapping in the lower energy region with the one obtained with the 750 m array and above 3 EeV with the 1500 m array measurement. Over almost the entire energy range there are two independent measurements from the Pierre Auger Observatory data. In the same Figure the energy spectra measured at the KASCADE-Grande, Tunka and Telescope Array experiments are illustrated. Given the energy systematic uncertainties the measurements from different experiments are in a good agreement.
The energy spectra are combined using a method that takes into account the systematic uncertainties of the individual measurements. The resulting combined spectrum is shown in Fig. 2(right) . The spectrum exhibits a flattening at log 10 (E a /eV ) = 18.7 ± 0.01 ± 0.02 from a spectral index of 3.23 ± 0.01 ± 0.07 to 2.63 ± 0.02 ± 0.04 and at the highest energies a flux suppression with a significance of more than 20σ . The energy spectrum is compared to shapes of fluxes predicted by extra-galactic astrophysical scenarios in the same figure, assuming pure proton or iron composition. The flux at Earth depends on the spectrum of particles produced at the source, in these ex-amples assumed -2.35 for proton and -2.3 for iron, on the cosmological evolution of sources, m=5 (proton) and m=0 (iron) and on the propagation. The theoretical lines have been produced using CRPropa [17] and validated with SimProp [18] . The maximum energy of the source was set to 100 EeV and 300 EeV, the former describing better the data in the flux suppression region. The energy spectrum alone cannot distinguish between different hypothesis, but it has to be complemented with a mass composition measurement [19].
Conclusions
The energy spectrum above 0.3 EeV has been measured at the Pierre Auger Observatory with a very large number of events and thus the spectral features are determined with an unprecedented precision. The progress in understanding the fluorescence detector and reconstruction and the new measurements of the fluorescence yield have allowed us to achieve a reduction of the energy systematic uncertainty from 22% to 14%. The spectrum alone cannot shed light on the origin of cosmic rays, and thus a measurement of the evolution of the mass composition of the UHECRs in the whole energy range is required. The data from the fluorescence detectors can provide this up to the flux suppression energy region, while a possible upgrade of the surface detector might help in elucidating the composition at the highest energies.
